In Staphylococcus aureus, generalized transduction mediated by temperate bacteriophages represents a highly efficient way of transferring antibiotic resistance genes between strains. In the present study, we identified and characterized in detail a new efficiently transducing bacteriophage of the family Siphoviridae, designated wJB, which resides as a prophage in the meticillin-resistant S. aureus (MRSA) strain Jevons B. Whole-genome sequencing followed by detailed in silico analysis uncovered a linear dsDNA genome consisting of 43 012 bp and comprising 70 ORFs, of which ,40 encoded proteins with unknown function. A global genome alignment of wJB and other efficiently transducing phages w11, w53, w80, w80a and wNM4 showed a high degree of homology with wNM4 and substantial differences with regard to other phages. Using a model transduction system with a well-defined donor and recipient, wJB transferred the tetracycline resistance plasmid pT181 and a penicillinase plasmid with outstanding frequencies, beating most of the above-mentioned phages by an order of magnitude. Moreover, wJB demonstrated high frequencies of transferring antibiotic resistance plasmids even upon induction from a lysogenic donor strain. Considering such transducing potential, wJB and related bacteriophages may serve as a suitable tool for elucidating the nature of transduction and its contribution to the spread of antibiotic resistance genes in naturally occurring MRSA populations.
INTRODUCTION
Bacteriophages exert a major influence on bacterial populations, both as predators and vectors for horizontal gene transfer (HGT). The latter represents a successful and efficient way of spreading antibiotic resistance genes and virulence factors amongst more or less related bacteria (Skippington & Ragan, 2011; Wiedenbeck & Cohan, 2011) .
Staphylococcus aureus is a versatile bacterial pathogen profiting tremendously from HGT. As has been shown in several studies, HGT plays an important role in the acquisition of advantageous genes by S. aureus strains (Chen & Novick, 2009; Maiques et al., 2007) . The most common mechanism of HGT in S. aureus is transduction, as there is only sparse evidence that transformation occurs and conjugative elements, such as some low-copy plasmids or transposons, are less widespread in S. aureus (Lindsay, 2008) . Transduction is also supported by the fact that most clinically important human S. aureus strains possess one or more prophages, the presence of which may influence the strain's capability for gene transfer (Goerke et al., 2009 ).
Most S. aureus phages belong to the family Siphoviridae in which they are characterized by a long, non-contractile tail and either an icosahedral capsid (morphotype B1) or a prolate capsid (morphotype B2) containing genomic DNA of *39-46 kb (Kwan et al., 2005) . It is generally accepted that siphoviruses of serological groups B and F, such as w11, w53, w80 and w42D, have transduction ability (Dowell & Rosenblum, 1962) . However, recently it has been documented by the detection and quantification of bacterial DNA encapsidated in phage particles that w81 of serological group A, which was considered to be nontransducing, also contains bacterial DNA, although in significantly lower amounts than the transducing bacteriophages (Mašlaň ová et al., 2013) . Furthermore, serogroup L bacteriophage w187 was used for successful interspecies transfer of plasmid DNA from S. aureus to coagulasenegative staphylococci (Winstel et al., 2015) . These findings indicate that packaging followed by transfer of mobile genetic elements with antibiotic resistance genes and virulence factors is widespread in S. aureus bacteriophages.
This study reports the isolation of a novel, high-frequency transducing bacteriophage from the meticillin-resistant S. aureus (MRSA) strain Jevons B. The phage, designated wJB, has shown outstanding transduction abilities in transferring antibiotic resistance plasmids within the S. aureus USA300 clone at high frequencies (Varga et al., 2012) . Therefore, it was characterized in detail by means of electron microscopy, whole-genome sequencing, and both in silico and experimental comparative studies focused on similarities with and differences from other S. aureus transducing phages. A set of transduction experiments performed on a model system with a well-characterized donor and recipient strain revealed that wJB transfers tetracycline and penicillinase plasmids at higher frequency compared with most of the other bacteriophages tested.
RESULTS
wJB resides as a prophage in the MRSA strain Jevons B
wJB is naturally present as a prophage in an archaic MRSA strain Jevons B (spa-type t008, sequence type ST250). This strain was isolated in the UK as early as 1961 and is therefore one of the first isolated MRSA strains (Jevons, 1961) . It was shown using PCR for identification of phage serology groups and integrase types that wJB is a serogroup B phage and possesses a Sa6 integrase, suggesting the same integration site (39 end of the lipase gene, geh) as for wNM4 and wL54a (Bae et al., 2006; Lee & Iandolo, 1986) . Furthermore, PCR analyses focused on phage integrase types and genes for capsid proteins also revealed that Jevons B is a monolysogen, with wJB as its only prophage.
For the isolation of wJB virions from the host strain, UV light induction was employed, applying various conditions of irradiation exposure. The most effective setting proved to be 60 cm for 30 s that corresponded to a fluence of 5730 mJ cm
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. To ascertain the spontaneous induction rate of wJB, the inoculate of Jevons B was stationary cultured in broth overnight (*18 h) at 37 uC (to 6|10 7 c.f.u. ml 21 ), after which p.f.u. of wJB were enumerated on soft agar lawns of S. aureus RN4220. Under these conditions, as many as 10 5 p.f.u. wJB particles ml 21 were spontaneously released from Jevons B.
Phage morphology
The morphology of wJB virions was determined by electron microscopy (Fig. 1) . Images showed that wJB particles were assembled from an isometric hexagonal head (*58 nm diameter), forming an icosahedron and a long, non-contractile, flexible tail (*167 nm length) with a base plate. Tail tips were not visible in the images. These structural features are common to B1 morphotype bacteriophages of the family Siphoviridae. All phage particles observed were of good integrity with an undamaged structure.
Antibiotic resistance plasmids are efficiently transduced by wJB upon induction
The transduction ability of wJB for transferring antibiotic resistance plasmids between diverse S. aureus strains was tested. Transduction experiments were designed in which Jevons B was the donor of the 4.4 kb tetracycline resistance plasmid pT181 and a 28 kb penicillinase plasmid, and laboratory strains NCTC 8325, NCTC 8325-4 and RN4220 along with the clinical strain Newman served as recipients. wJB was induced from the host chromosome by UV light and the obtained phage lysates were used directly for transduction without further phage propagation due to their high titres of *9|10 8 p.f.u. ml 21 . The plasmid transfer to all recipients was successful ( New efficiently transducing phage from MRSA four prophages, respectively. Testing for growth on selection medium (tetracycline or cadmium), cleavage of plasmids by HindIII restriction endonuclease, and PCR detection of the tetK, cadD and blaZ genes proved that plasmids were transferred into all recipients without any structural rearrangements.
Based on the successful wJB-mediated plasmid transfer in different experimental settings and high transduction frequencies achieved, wJB was chosen for more detailed characterization.
Analysis of the wJB genome uncovers similarity to wNM4 of S. . No gene for tRNA was found. Amongst the predicted 70 proteins, a known function could be assigned to 21 of them (30 %). Of the 49 putative proteins with unknown function, information about structural domains and/or similarity to other proteins was found for 26 (37 % of the total of predicted proteins), transmembrane regions were identified by two independent analyses in five proteins, whilst the rest of the proteins (33 %) were designated 'hypothetical proteins' with no information available.
As observed in general, the ORFs of the wJB genome were tightly packed and organized in functional modules. They were arranged in the following order: lysogeny, DNA replication, regulation of transcription, DNA packaging and head, tail and host cell lysis (Fig. 2) . In addition to the ORFs, non-coding regulatory sequences were predicted in the wJB genome. First, the origin of replication (ori) was identified inside ORF20 which encodes a putative phage replisome organizer. The product of the neighbouring ORF (ORF21) serves as the DNA replication protein DnaC. Second, the phage attachment site (attP) was located at the end of the wJB genome and was represented by the DNA sequence 59 ATCATACAAGGATGGGAT 39 (Fig. S1 , available in the online Supplementary Material), which is recognized by the tyrosine recombinase encoded by the Sa6 int gene (ORF1). In addition, 12 promoters and seven Rho-independent terminators were predicted in the wJB genome (Table S1 ). DStandard deviation of the mean transduction frequency (n510). The difference in transduction frequencies between wJB and wNM4 was significant at a50.05 using ANOVA (P,0.01 for pT181 and P50.0122 for pUSA300-HOUMR-like). Similarly, the difference in transduction frequencies between the tetracycline and penicillinase plasmids for w11 was significant at the level of a50.05 (P50.0489). For phages w53 and w80a, the difference in transduction frequencies of the two plasmids was significant at a50.01 (P53.5198610 212 for w53 and P53.1034610 29 for w80a).
Furthermore, we focused on the similarity between wJB and other sequenced bacteriophages. Comparison of the wJB genome and phage sequences in GenBank at the nucleotide level using the BLAST alignment tool showed that wJB was most similar to wNM4 (GenBank accession number DQ530362) (Bae et al., 2006) with an identity of 93 %. Substantial differences between wJB and wNM4 were found only in two larger regions of their genome (Figs. 2 and 3). The first one was at 11 620-14 907 bp of the wJB genome and showed an overall nucleotide similarity of 52 % to the respective region of the wNM4 genome. This first region of difference starts with ORF24 encoding a Fok I type II restriction endonuclease and ends with ORF34 (dut) coding for dUTPase. The biological function of proteins encoded by ORF25-33 has not been predicted successfully. The second region of the wJB genome that differed from the respective wNM4 region was from 37 036 to 38 182 bp. This region showed 18 % nucleotide similarity between wJB and wNM4, and comprised only ORF66 whose product is an N-acetylglucosaminidase that acts as a putative tail-associated cell wall hydrolase.
When compared with bacteriophages other than wNM4, wJB exhibited a significantly lower degree of nucleotide sequence similarity, as S. aureus phages ROSA (GenBank accession number AY954961) and 96 (GenBank accession number AY954960) (Kwan et al., 2005) share 75 and 70 % similarity with wJB, respectively. In order to identify parts of the genome that were unique to wJB, global sequence alignment using the mVISTA tool was carried out on a set of staphylococcal phages, including w11 (GenBank accession number NC_004615), w53 (GenBank accession number NC_007049), w80 (GenBank accession number DQ908929), w80a (GenBank accession number NC_009526) and wNM4 (Fig. 3) . On the basis of the results, the overall genome similarity of these phages with wJB decreased in the following order: wNM4w w80ww80aww11ww53. Phages wNM4 and w80 harbour the same integrase type (Sa6int) as wJB. Interestingly, both aforementioned regions of the wJB genome differing from wNM4 also exhibited a similar level of difference from other phages, except for w80 whose genome was almost identical to that of wJB in the second region between 37 036 and 38 182 bp.
Multiple sequence alignment of proteins involved in DNA packaging
To determine the functional relatedness of the DNA packaging modules of wJB and other phages, multiple sequence alignment of their proteins involved in this process was carried out. Sequences of the portal protein (Prt), transcriptional activator RinB and small and large terminase subunits (TerS and TerL) were retrieved from GenBank for w11, w53, w80a and wNM4, and also for the recently described temperate bacteriophages wDW2 (GenBank accession number NC_024391) (Keary et al., 2014) , wETA3 (GenBank accession number NC_008799), wM R11 (GenBank accession number NC_010147), wStauST 398-3 (GenBank accession number NC_021332) (van der Mee-Marquet et al., 2013) and wXN108 (a 42 kb prophage comprising loci SAXN108_0305-SAXN108_0369 of the S. aureus XN108 strain) (Zhang et al., 2014) . The alignments followed by the generation of phylogenetic trees (Fig. 4) showed that Prt, TerS and TerL of w11, w53 and w80a were the most distinct from their respective New efficiently transducing phage from MRSA counterparts of wJB. Protein RinB turned out to be more conserved across the analysed bacteriophages, with wXN108 encoding the most distinct RinB compared with wJB.
Comparative transduction experiments
Although the wJB and wNM4 genomes are 93 % identical, genes located in the remaining 7 % of the genome of wJB may have an influence on its transduction ability. To test this hypothesis, transduction experiments were designed in which the transduction frequencies of wJB, wNM4, w11, w53 and w80a were compared (Table 1) . A model transduction system consisting of well-characterized donor and recipient strains was used for all tested phages to ensure uniform conditions for transduction. As the most suitable recipient for this purpose, the plasmid-less, prophage-less and restriction-deficient strain RN4220 was chosen. This same strain served also as the donor, and to this end it was successively transduced with the 4.4 kb tetracycline plasmid pT181 of strain Jevons B and a 31 kb penicillinase plasmid pUSA300-HOUMR-like of strain 07/759. The two plasmids are mutually compatible [i.e. belong to different incompatibility (Inc) groups] and thus are able to coexist in the same cell. After their transfer, electrophoretic analysis of the intact plasmids as well as their restriction fragments was performed to check the correct plasmid size (data not shown). Moreover, lysogenization of the resulting transductant RN4220 (pT181, pUSA300-HOUMR-like) (designated as RN4220 TU) by the transducing phage wJB was ruled out by PCR detection of phage serology groups and integrase types to ensure that the propagation of serogroup B bacteriophages was not prevented by the wJB-induced lysogenic immunity.
Phages w11, w53, w80a, wJB and wNM4 were propagated on donor strain RN4220 TU and the obtained transducing phage lysates were diluted so that their titres were equal (10 9 p.f.u. ml
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). The results showed that the lowest frequencies of transduction were achieved by w53 and w80a (1.6|10 28 and 1.7|10 28 c.f.u./p.f.u., respectively, for pT181; 9.6|10 28 and 5.5|10 28 c.f.u./p.f.u., respectively, for pUSA300-HOUMR-like). In contrast, plasmids were transferred with the highest frequencies by wJB and wNM4 (2.8|10 26 and 5.4|10 26 c.f.u./p.f.u., respectively, for pT181; 4.5|10 27 and 5.8|10 27 c.f.u./p.f.u., respectively, for pUSA300-HOUMR-like). Interestingly, the transduction frequency was six-to 10-fold higher for pT181 than for the penicillinase plasmid using wJB and wNM4, whilst in the case of w11, w53 and w80a, the penicillinase plasmid was favoured and the differences in Fig. 3 . Global sequence alignment of wJB (reference genome) with transducing S. aureus bacteriophages w11, w53, w80, w80a and wNM4 using the mVISTA alignment tool. Each of the phage genomes starts with a gene coding for the integrase.
Only sequences of at least 50 % homology are indicated. It is obvious that the genomes of wJB and wNM4 share a high degree of homology, whereas the genome of w53 is most distinct from that of wJB.
transduction frequencies for both plasmids were not so marked (Table 1) .
DISCUSSION
This work presents the characterization of a novel transducing bacteriophage, wJB, of the family Siphoviridae isolated from MRSA. Using the classification scheme based on integrase gene polymorphism as described in Goerke et al. (2009) , wJB is assigned to the tyrosine recombinase Sa6int group together with wNM4, w80 and wROSA. However, several recent studies have demonstrated that clusters of related phages always include phages encoding both serine recombinases and tyrosine recombinases, which suggests that recombination processes often exchange the integrase gene (Deghorain et al., 2012) . Therefore, a more complex classification scheme taking advantage of the modular structure of bacteriophages proposed by Kahán-ková et al. (2010) seems to be more informative as it covers more phage modules than just the one for lysogeny. According to this scheme, wJB is defined as a Sa6int-ant4a-dnaC1-dut2-Bb-ami2 phage with gene variants coding for the integrase, antirepressor, DNA replication protein, dUTPase, serological group-specific structural proteins and amidase.
In our previous experiments, the potential for disseminating antibiotic resistance plasmids by wJB amongst clinical S. aureus strains from the USA300 clone was tested (Varga et al., 2012) . wJB showed outstanding transduction abilities, with high transduction frequencies of *10 c.f.u./p.f.u. In the present study, wJB again showed efficient plasmid transduction in both laboratory and clinical S. aureus strains after UV induction from the plasmid-positive host strain, as well as after propagation on the donor strain. Significantly higher transduction frequencies were achieved for the tetracycline resistance plasmid pT181 and the penicillinase plasmids than those reported by Asheshov (1969) using PS80 as donor and strain 17855 as recipient, or by Kayser et al. (1972) using strain E142 as donor and various recipients. Transduction experiments with induced phage lysates showed that prophages such as wJB that occur abundantly in a number of clinical S. aureus strains could play an important role in spreading antibiotic resistance plasmids. Their opportunity to become involved is further increased by the fact that induction of excision can be triggered spontaneously with a certain probability (Blouse et al., 1972; Resch et al., 2005) . As for wJB, the spontaneous induction rate (10 5 p.f.u. ml
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) from the host strain Jevons B after overnight growth is high enough to encapsidate a piece of bacterial DNA and generate a transducing particle with considerable likelihood. In this way, the role of wJB and related bacteriophages in transferring SCCmec from an archaic MRSA strain like Jevons B to other strains can be assumed. Indeed, we recently proved the packaging of several different regions of SCCmec by various transducing phages (Mašlaň ová et al., 2013) .
Furthermore, this study demonstrated that wJB is capable of transferring antibiotic resistance plasmids with much higher frequencies than phages w11, w53 and w80a that have often been used in transduction experiments for decades (Chen & Novick, 2009; Cohen & Sweeney, 1970; Morse & Labelle, 1962) . However, wJB showed a similar frequency to wNM4, a prophage of S. aureus Newman. For the identification of the conserved genomic regions amongst transducing phages, a global alignment of w11, w53, w80a, wJB and wNM4 at the nucleotide level using mVISTA was performed. In this respect, we focused on the DNA packaging and head module which, in addition to proteins involved in head morphogenesis, encodes a specific molecular motor required for DNA head filling (Casjens & Gilcrease, 2009; Rao & Feiss, 2008) . Thus, it is likely that it may have an influence on the phage's transduction ability. This motor comprises a portal protein forming a gate for DNA entry into the phage capsid and a terminase composed of large (TerL) and small (TerS) subunits. TerS initiates the packaging by binding to a specific region (cos or pac site) present in phage DNA, and TerL is essential for concatemeric DNA cleavage into single-genome lengths and for translocation of the DNA molecule into the phage head (Penadés et al., 2015) . The organization and gene composition of the DNA packaging and head module of the aforementioned phages indicate that they use the headful packaging mechanism and that their terminase recognizes a pac site (Canchaya et al., 2003) . This is also supported by the fact that the predicted portal protein of these phages belongs to the portal protein family of SPP1, a phage exhibiting the headful packaging strategy (Isidro et al., 2004; Oliveira et al., 2013) . Differences in the amino acid sequences of the portal protein, large and small subunits of the terminase, and transcriptional activator RinB between w11, w53 and w80a, on the one hand (their proteins share almost the same sequence), and wJB and wNM4, on the other hand, are substantial. Indeed, the sequence identity of the above-mentioned proteins between these two groups of phages is 25, 24, 40 and 95 %, respectively. Thus, it is obvious that only the transcriptional activator RinB, which is crucial for transcription of the late operon in a large group of temperate staphylococcal phages (Ferrer et al., 2011) , preserves a high degree of homology amongst all five phages. The remaining proteins are fairly diverse. Nevertheless, their contribution to the gap in transduction frequencies of the two phage groups should be confirmed experimentally.
Taken together, the differences found between wJB and other studied bacteriophages serve as a basis for more detailed characterization of the genes playing a role in the process of transduction. This phenomenon, which supports the spread of antibiotic resistance amongst pathogenic bacteria, has not been fully resolved to date.
METHODS
Bacterial strains and bacteriophages. MRSA isolate Jevons B was obtained from Dr G. Pulverer (Hygiene Institute, Köln, Germany), strain Newman from Professor S. Foster (The University of Sheffield, Sheffield, UK), and laboratory strains RN4220 and NCTC 8325-4 (RN450) were kindly provided by Professor F. Götz (University of Tübingen, Tübingen, Germany). Strain NCTC 8325-4 (RN450) is a derivative of NCTC 8325 (RN1) that was cured of prophages w11, w12 and w13 by UV light (Novick, 1967) . Strain RN4220 was derived from NCTC 8325-4 by chemical mutagenesis using N-methyl-N-nitro-N9-nitrosoguanidine. It harbours a mutation in the sau1hsdR gene encoding the restriction subunit of the Sau1 RM (restriction-modification) system, thus being restriction-deficient (Kreiswirth et al., 1983) . To generate the donor strain for comparative transduction experiments, RN4220 was transduced with plasmids pT181 (4.4 kb) of Jevons B and pUSA300-HOUMR-like (31 kb) of S. aureus USA300-derived strain 07/759 , and designated RN4220 TU.
w53 was obtained from Professor V. Hájek (Palacky University, Olomouc, Czech Republic), w80a from Dr C. Wolz (University of Tübingen), and wJB, w11 and wNM4 were induced by UV light from the strains Jevons B, NCTC 8325 and Newman, respectively. After induction, w11 and wNM4 were plaque-purified by successive propagation on RN4220 to eliminate other induced prophages from the donor lysogenic strains (Bae et al., 2006; Iandolo et al., 2002) . wJB has been deposited in the Czech Collection of Microorganisms under strain number CCM 7872.
Induction of prophages. The lysogenic S. aureus strains were grown with vigorous shaking for 18 h at 37 uC in meat peptone broth prepared from 13.0 g nutrient broth CM1 (Oxoid), 5.0 g peptone L37 (Oxoid) and 3.0 g yeast extract powder L21 (Oxoid) dissolved in distilled water to a final volume of 1000 ml (pH 7.4). Twice-washed cells resuspended in 10 ml saline solution (0.85 % NaCl) to OD600 0.15 were irradiated using a 15 W UV lamp. The cell suspension was then transferred to a rich medium and aerated for 2 h. Finally, the obtained phage lysates were centrifuged at 3000 g for 30 min and the remaining bacterial cells were removed by filtration through a 0.45 mm OlimPeak nylon filter (Teknokroma). A more typical 0.2 mm filter was not used in order to maximize the isolation of structurally intact phage particles, as the length of several morphological group B bacteriophages, like those used in this study, is *0.2 mm (Brown et al., 1972; Krausz & Bose, 2016) .
Plasmid transduction. Transduction experiments were carried out according to the protocol described previously (Varga et al., 2012) with the following modification: the final concentration of Cd(NO3)2 in the agar medium (nutrient agar CM3; Oxoid) was 30 mM. Briefly, calcium chloride was added to a final concentration 2 mM and the culture was mixed with stock phage lysate to m.o.i. v1. The mixture was shaken at 37 uC for 25 min. Sodium citrate was added to a final concentration of 15 mM and cells were centrifuged at 1100 g for 15 min. The cell pellet was resuspended in 1 ml sodium citrate (17 mM), and the cells were spread onto agar plates (nutrient agar CM3; Oxoid) supplemented with sodium citrate (20 mM) and Cd(NO3)2 (final concentration 30 mM) or tetracycline (5 mg ml 21 ). The plates were incubated at 37 uC for 48 h.
Electron microscopy. For electron microscopy, particles of wJB were concentrated by centrifugation at 54 000 g for 2.5 h using a JA-30.50 Ti rotor (Beckman Coulter) and purified in a caesium chloride density gradient (1.45, 1.50 and 1.70 g ml 21 ) at 40 000 r.p.m. for 4 h at 12 uC using an SW 55 Ti rotor (Beckman Coulter). Virion particles were negatively stained with 2 % ammonium molybdate and examined using a Philips Morgagni 268D transmission electron microscope (FEI).
Isolation of phage DNA. From the total volume of 300 ml phage lysate, particles of wJB were collected as described above and resuspended in 5 ml phage buffer (50 mM Tris/HCl, pH 7.5, 10 mM NaCl, 10 mM CaCl2). Contaminating exogenous bacterial nucleic acids were removed by treatment with DNase I (Sigma) and RNase A (Serva) in final concentrations of 1 mg ml 21 and 10 mg ml
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, respectively. The lysis of phage particles by SDS (0.5 %) and Pronase E (500 mg ml 21 ) (Serva), and the phenol/chloroform extraction of DNA, were performed according to the protocol provided in Doškař et al. (2000) . The procedure was modified such that Phase Lock Gel tubes (5 PRIME) were used for separating the aqueous and organic phases in the phenol/chloroform extraction.
DNA sequencing. The complete nucleotide sequence of wJB was determined by 454 Titanium GS-FLX-based pyrosequencing of its genomic DNA, which achieved *20-fold coverage. All sequencing steps were performed by Eurofins MWG Operon.
PCR assays. Plasmid-borne genes conferring resistance to tetracycline (tetK), b-lactam antibiotics (blaZ) and cadmium (cadD) were detected by PCR using the primers listed in Table 2 . Each reaction (Biometra) . PCR products were separated electrophoretically on a 1.5 % agarose gel (Serva), and a 100 bp DNA ladder (New England Biolabs) was used as a molecular mass marker. DNA was visualized after ethidium bromide staining followed by UV irradiation.
Bacteriophage integrase types and genes for capsid proteins determining phage serological groups were identified by multiplex PCR assays as described previously (Kahánková et al., 2010) .
Bioinformatic analysis of DNA sequences. Local alignment of DNA sequences was conducted using BLAST (http://blast.ncbi.nlm. nih.gov) (Altschul et al., 1990) . Global alignment was performed with FSA (Bradley et al., 2009 ) and mVISTA (http://genome.lbl.gov/ vista) (Frazer et al., 2004) using the LAGAN alignment algorithm (Brudno et al., 2003) . For ORF prediction, GeneMark.hmm along with GeneMark S, optimized for phage sequences, were employed (http://exon.gatech.edu) (Lukashin & Borodovsky, 1998) . BPROM (Solovyev & Salamov, 2011) was applied to promoter prediction with a threshold score of 3.5. Only promoters with the transcription start site up to 150 bp upstream of the first transcribed ORF were considered. ARNold (Lesnik et al., 2001 ) was employed for Rho-independent terminator prediction with a threshold of DG v-11.00 kcal mol 21 . ARAGORN (http://mbio-serv2.mbioekol.lu.se/ARAGORN) and tRNAscan-SEM (http://lowelab.ucsc.edu/tRNAscan-SE) were used for prediction of genes encoding tRNA molecules. The putative function of proteins was analysed using the InterProScan tool (http://www.ebi. ac.uk/Tools/pfa/iprscan) (Goujon et al., 2010) and confirmed by protein BLAST (BLASTP) analysis. Transmembrane regions of proteins were analysed using Phobius (http://phobius.sbc.su.se) and TMHMM (http://www.cbs.dtu.dk/services/TMHMM). Phylogenetic trees were reconstructed using FastTree 2.1.8 (Price et al., 2010) based on the multiple sequence alignment from FSA and visualized by FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree).
